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Abstract. The Charmonium transverse momentum distribution is more sensitive
to the nature of the hot QCD matter created in high energy nuclear collisions, in
comparison with the yield. Taking a detailed transport approach for charmonium
motion together with a hydrodynamic description for the medium evolution, the
cancelation between the two hot nuclear matter effects, the dissociation and the
regeneration, controls the charmonium transverse momentum distribution. Especially,
the second moment of the distribution can be used to differentiate between the hot
mediums produced at SPS, RHIC and LHC energies.
PACS numbers: 25.75.-q, 12.38.Mh, 24.85.+p
1. Introduction
It is widely accepted that, there exists a phase transition from hadron matter to quark
matter when the temperature or baryon density of a Quantum Chromodynamics (QCD)
system is high enough [1]. This deconfinement phase transition has been simulated by
lattice QCD at finite temperature [2, 3]. Experimentally, the only way to realize a
high temperature QCD system in laboratories is through high energy nuclear collisions.
From the Au+Au collisions with colliding energy
√
sNN = 200 GeV at the Relativistic
Heavy Ion Collider (RHIC) [4, 5, 6, 7, 8] and the Pb+Pb collisions with
√
sNN = 2.76
TeV at the Large Hadron Collider (LHC) [9, 10, 11], the critical temperature for the
phase transition from hadron gas to quark-gluon plasma (QGP) looks like to be reached
in the collisions. The most important problem in the study of QGP in heavy ion
collisions is how to signal its formation in the early stage. Due to the rapid expansion
of the colliding system, the temperature of the fireball drops down with time, and the
QGP, if it is created in the initial stage, is only an intermediate state and can not be
directly detected in the final state. Therefore, we need sensitive signatures to access the
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properties of the hot medium. The J/ψ suppression proposed by Matsui and Satz [12]
has long been considered as an essential probe for the deconfinement phase transition.
Since quarkonia are tightly bound states of a pair of heavy quarks Q and Q¯, their
dissociation temperatures Td, calculated by non-relativistic [13, 14] and relativistic [15]
potential models or lattice QCD simulations, are above the critical temperature Tc of
the deconfinement of light quarks. Therefore, the produced quarkonia are statically
suppressed only in hot medium with temperature T > Td where the color screening
radius becomes shorter than the quarkonium size. However, the hot nuclear matter
effects on quarkonia include not only the color-screening induced suppression, but also
the quarkonium regeneration [16, 17, 18]. The number of heavy quarks created in
the initial stage of heavy ion collisions increases substantially with colliding energy.
There are more than 10 cc¯ pairs produced in a central Au+Au collision at RHIC, and
the number is probably over 100 in heavy ion collisions at LHC [19]. In this case,
the recombination of those uncorrelated heavy quarks Q and Q¯ becomes the second
source of the quarkonium production. Obviously, this regeneration will enhance the
quarkonium yield. The regeneration approach for J/ψ in heavy ion collisions has been
widely discussed with different models, such as the thermal creation on the hadronizaton
hypersurface according to statistic law [17], the coalescence mechanism [20, 21], and the
kinetic model which considers both initial production and continuous regeneration of
quarkonium yields [16, 18].
The initially produced quarkonia suffer from also cold nuclear matter effects before
the formation of the hot medium. There are mainly three kinds of cold nuclear matter
effects. 1) The shadowing effect [22]: the parton distribution function in nuclei is
different from the one in a free nucleon, and the quarkonium yield in heavy ion collisions
is not a simple superposition of p+p collisions. 2) The Cronin effect [23, 24]: before two
gluons fuse into a quarkonium, the gluons obtain momentum from multiple scattering
with surrounded nucleons. This extra momentum will be inherited by the quarkonium
and leads to a transverse momentum broadening. 3) The nuclear absorption [25]: the
multiple scattering between the quarkonium (or its pre-resonance state) and spectator
nucleons leads to a normal suppression of quarkonia. Experimentally, the cold nuclear
matter effects can be extracted from p+A collisions where the hot medium is not
expected.
The nuclear matter effects on quarkonium production in heavy ion collisions can
be described by the so-called nuclear modification factor RAA = NAA/ (NbinNpp), where
Nbin denotes the number of nucleon+nucleon collisions for a given centrality, and Npp
and NAA are respectively the quarkonium yields integrated over momentum in p+p and
A+A collisions. The color screening leads to RAA < 1 and the regeneration cancels
partly the suppression. Since the colliding energy of heavy ion collisions at the Super
Proton Synchrotron (SPS), RHIC and LHC increases by two orders of magnitude, the
produced fireball temperature increases from around Tc at SPS to about (2-3)Tc at LHC,
the quarkonium yield is expected to behave very differently from SPS to LHC. However,
from the experimental data, while there is a clear energy dependence of the momentum
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integrated J/ψ RAA in central heavy ion collisions, its trend on collision centrality is
similar at all energies and there is always RAA < 1 [27].
The particle yield is a global quantity, the momentum integration smears the
fireball structure and the cold and hot nuclear matter effects at different energies.
To have a deep insight into what is happening to the quarkonium motion in the
hot medium, one needs to concentrate on the quarkonium momentum distribution.
Different from the longitudinal motion which inherits the initial colliding kinematics
via momentum conservation, the transverse motion in heavy ion collisions is developed
during the dynamical evolution of the system. The microscopically high particle density
and multiple scatterings play essential role in the development of the finally observed
transverse momentum distribution. The distribution is therefore sensitive to the medium
properties like the equation of state. The study on the transverse motion has been well
documented in light quark sectors at all energies [4, 5, 6, 7, 28]. For quarkonia, we expect
that their transverse momentum distribution can help us to probe the detailed structure
of the fireball and differentiate between the production and suppression mechanisms.
We will focus on the charmonium production in this paper, especially the J/ψ
production. The extension to bottonia and excited states are straightforward. We
first introduce a detailed transport approach for quarkonium production in high energy
nuclear collisions which incorporates a hydrodynamic description for the space-time
evolution of the hot medium and a transport equation for the quarkonium motion in
the medium. We second analyze the data on charm quark production in the initial state
and its energy loss in the hot medium which are inputs for the charmonium regeneration.
We then compare the model calculations in A+A collisions with the data, including the
transverse momentum distribution dNJ/ψ/pTdpT , the differential nuclear modification
factor RAA(pT ), and the second pT moment 〈p2T 〉AA. We summarize in the end.
2. A Transport Approach for Charmonium Motion in Hot Medium
In order to extract information about the nature of the medium from charmonium
production in heavy ion collisions, the medium created in the initial stage and the
charmonia produced in the initial stage and in the medium should be treated both
dynamically.
After the system created in a heavy ion collision reaches local equilibrium, the
space-time evolution of the strongly interacting medium can be described by the ideal
hydrodynamic equations
∂µT
µν = 0,
∂µj
µ = 0, (1)
where Tµν = (ǫ+p)u
µuν−gµνp is the energy-momentum tensor of the medium, jµ = nuµ
the conserved baryon current, uµ the four-velocity of the fluid cell, ǫ the energy density,
p the pressure, and n the baryon density. The solution of the hydrodynamic equations
provides the local temperature T (x), baryon density n(x) and fluid velocity uµ(x) of the
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medium which will be used in the charmonium suppression and regeneration rates. To
simplify the numerical calculations, we employ the well tested 2+1 dimensional version
of the hydrodynamics, considering the Hubble-like expansion and boost invariant initial
condition for the longitudinal motion. Taking the proper time τ =
√
t2 − z2 and space-
time rapidity η = 1/2 ln[(t+z)/(t−z)] instead of the time t and longitudinal coordinate
z, the above equations can be simplified as[29]
∂τE +∇ ·M = −(E + p)/τ,
∂τMx +∇ · (Mxv) = −Mx/τ − ∂xp,
∂τMy +∇ · (Myv) = −My/τ − ∂yp,
∂τR +∇ · (Rv) = −R/τ (2)
with the definitions E = (ǫ+ p)γ2− p, M = (ǫ+ p)γ2v and R = γn, where v and γ are
the fluid velocity and Lorentz factor in the transverse plane.
To close the hydrodynamical equations one needs to know the equation of state of
the medium. We follow Ref.[30] where the deconfined phase at high temperature is an
ideal gas of gluons and massless u and d quarks plus 150 MeV massed s quarks, and the
hadron phase at low temperature is an ideal gas of all known hadrons and resonances
with mass up to 2 GeV [31]. There is a first order phase transition between these two
phases. In the mixed phase, the Maxwell construction is used. The mean field repulsion
parameter and the bag constant are chosen as K=450 MeV fm3 and B1/4=236 MeV to
obtain the critical temperature Tc = 165 MeV [30] at vanishing baryon number density.
For the initialization of the hot medium, we take the same treatment as in Ref. [29]
for collisions at SPS and RHIC and Ref. [32] at LHC. The maximum temperature of
the medium at the starting time τ0 = 0.6 fm/c is, for instance, T0 = 484 and 430 MeV
corresponding respectively to the observed charge number density dNch/dy = 1600 and
1200 [33] in the mid and forward rapidity regions for central 2.76 TeV Pb+Pb collisions
at LHC. For the decay of the fluid, we assume that the medium maintains chemical
and thermal equilibrium until the energy density of the system drops to a value of 60
MeV/fm3, when the hadrons decouple and their momentum distributions are fixed.
We now turn to the charmonium motion in the hot medium. Since a charmonium
is so heavy, its equilibrium with the medium can hardly be reached, we use a transport
approach to describe its distribution function fΨ(x,p|b) in the phase space (x,p) in
heavy ion collisions with impact parameter b,
pµ∂µfΨ = −CΨfΨ +DΨ, (3)
where the lose and gain terms CΨ(x,p|b) and DΨ(x,p|b) come from the charmonium
dissociation and regeneration. We have neglected here the elastic scattering, since the
charmonium mass is much larger than the typical medium temperature. Considering
the contribution from the feed-down of the excited states to the finally observed ground
state [34], we should consider the transport equations for Ψ = J/ψ, ψ′ and χc, when
we calculate the J/ψ distribution fJ/ψ.
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Taking the proper time τ , space-time rapidity η, the momentum rapidity y =
1/2 ln [(E + pz)/(E − pz)] and transverse energy Et =
√
E2 − p2z to replace t, z, pz and
E =
√
m2 + p2, the transport equation can be rewritten as[
cosh(y − η)∂τ + sinh(y − η)
τ
∂η + vt · ∇t
]
fΨ = −αΨfΨ + βΨ (4)
with the dissociation and regeneration rates αΨ(x,p|b) = CΨ(x,p|b)/Et and
βΨ(x,p|b) = DΨ(x,p|b)/Et, where the third term in the square bracket arises from
the free streaming of Ψ with transverse velocity vT = pT/ET which leads to a strong
leakage effect at SPS energy [35].
Color screening is an ideal and static description for the charmonium dissociation
in hot medium. To dynamically treat the suppression process, we should consider the
charmonium interaction with the ingredients of the medium. At high temperature
the gluon dissociation Ψ + g → c + c¯ is the dominant suppression process, and the
corresponding dissociation rate α can be expressed as
αΨ =
1
2ET
∫
d3k
(2π)32Eg
σgΨ(p,k, T )4FgΨ(p,k)fg(k, T, uµ), (5)
where Eg is the gluon energy, FgΨ =
√
(p · k)2 −m2Ψm2g = p · k the flux factor, and fg
the gluon thermal distribution as a function of the local temperature T (x|b) and fluid
velocity uµ(x|b) of the medium determined by the hydrodynamics (At RHIC and LHC
energy one can safely neglect the baryon density). The dissociation cross section in
vacuum σgΨ(p,k, 0) can be derived through the operator production expansion (OPE)
method with a perturbative Coulomb wave function [36, 37, 38, 39]. However, the
method is no longer valid for loosely bound states at high temperature. To reasonably
describe the temperature dependence of the cross section, we consider the geometric
relation between the average charmonium size and the cross section,
σgΨ(p,k, T ) =
〈r2〉Ψ(T )
〈r2〉Ψ(0) σgΨ(p,k, 0). (6)
The average distance 〈r2〉Ψ(T ) between the c and c¯ is calculated via potential
model [13, 14] with lattice simulated heavy quark potential [40] at finite temperature.
When T approaches to the dissociation temperature Td, the distance and in turn the
cross section go to infinity which means a full charmonium dissociation. Note that
the dissociation here does not happen suddenly at Td but a continuous process in the
temperature region T ≤ Td.
The regeneration rate β is connected to the dissociation rate α via the detailed
balance between the gluon dissociation process g + Ψ → c + c¯ and its inverse process
c+c¯→ g+Ψ [16, 41]. To take into account the relativistic effect on the dissociation cross
section which is derived in non-relativistic limit and to avoid non-physics divergence in
the regeneration cross section, we should replace the charmonium binding energy by the
gluon threshold energy in the calculations of α and β [42].
Different from the gluons and light quarks which are ingredients of the hot medium,
while heavy quarks produced via initial hard processes will lose energy when they pass
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through the hot medium, they may not be fully thermalized, since they are so heavy. The
heavy quark distribution functions fQ and fQ¯ which appear in the regeneration rate β are
in principle between the pQCD and equilibrium distributions. From the experimental
data at RHIC and LHC, the observed large quench factor [43, 44] and elliptic flow [45, 46]
for charmed mesons indicate that the charm quarks interact strongly with the medium.
Therefore, one can take, as a good approximation, a kinetically thermalized phase space
distribution fc for charm quarks. We also take the approximation for bottom quarks
in the calculation of charmonium distributions at LHC energy, where the B decay
contribution to the inclusive charmonia should be considered. Neglecting the creation
and annihilation for charm quark and antiquark pairs inside the medium, the spacial
charm quark (antiquark) density number ρc(x|b) =
∫
d3q/(2π)3fc(x,q|b) satisfies the
conservation law
∂µ (ρcu
µ) = 0 (7)
with the initial density determined by the nuclear geometry
ρc(x0|b) = TA(xt)TB(xt − b) cosh η
τ0
dσcc¯pp
dη
, (8)
where TA,B(xt) =
∫+∞
−∞
ρA,B(~r)dz are the thickness functions at transverse coordinate xt
defined in the Glauber model [47] with a Woods-Saxon distribution for nucleon density
in nuclei A and B, and dσcc¯pp/dη is the rapidity distribution of charm quark production
cross section in p+p collisions.
In the hadron phase of the fireball with temperature T < Tc, there are many effective
models that can be used to calculate the inelastic cross sections between charmonia
and hadrons[48]. For J/ψ the dissociation cross section is about a few mb which is
comparable with the gluon dissociation cross section. Considering that the hadron
matter appears later in the evolution of the fireball when the ingredient density of the
system is much lower in comparison with the early hot and dense period, we neglect the
charmonium production and suppression in hadron gas.
The transport equation can be solved analytically with the explicit solution
fΨ (pT , y,xT , η, τ) = fΨ (pT , y,X(τ0), H(τ0), τ0)×
e
−
∫ τ
τ0
dτ ′
∆(τ ′)
αΨ(pT ,y,X(τ
′),H(τ ′),τ ′)
+
∫ τ
τ0
dτ ′
∆(τ ′)
βΨ (pt, y,X(τ
′), H(τ ′), τ ′)×
e
−
∫ τ
τ ′
dτ ′′
∆(τ ′′)
αΨ(pt,y,X(τ
′′),H(τ ′′),τ ′′)
(9)
with
X(τ ′) = xT − vT [τ cosh(y − η)− τ ′∆(τ ′)] ,
H(τ ′) = y − arcsin (τ/τ ′ sinh(y − η)) ,
∆(τ ′) =
√
1 + (τ/τ ′)2 sinh2(y − η). (10)
The first and second terms on the right-hand side of the solution (9) indicate the
contributions from the initial production and continuous regeneration, respectively, and
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both suffer from the gluon dissociation in the medium. Since the regeneration happens in
the deconfied phase, the regenerated quarkonia would have probability to be dissociated
again by the surrounding gluons. The coordinate shifts xT → X and η → H in the
solution (9) reflect the leakage effect in the transverse and longitudinal directions.
Suppose the charmonium formation time and the collision time for the two nuclei to
pass through to each other at RHIC and LHC energy are less than the formation time τ0
of the hot medium, all the cold nuclear matter effects on the initially produced charmonia
would cease before the QGP evolution. Therefore, they can be reflected in the initial
charmonium distribution fΨ at time τ0. Based on a model dependent approach [49], the
absorption cross section of J/ψ decreases as a function of colliding energy. At RHIC
energy the cross section reduces to about 3 mb and should be even smaller at LHC
energy. In our approach, the effect of absorption by the cold nuclear matter is ignored.
We take into account the nuclear shadowing and Cronin effects at both RHIC and
LHC energies. In this case the initial distribution of the transport equation (4) can be
obtained from a geometrical superposition of p+p collisions, along with the modifications
due to the shadowing and Cronin effects. As far as the cold nuclear matter concern, the
attenuation of the cc¯ dipole may offer an alternative explanation to the observed nuclear
absorption [50] in p+A collisions. While the nuclear absorption reduces the initial yield,
the final production, in the limit of high-energy nuclear collisions, is dominated by total
number of charm quarks and the later stage interactions near freeze-out, see discussions
in the following sections.
The Cronin effect broadens the momentum distribution of the initially produced
charmonia in heavy ion collisions. In pA and/or AA collisions, prior to any hard
scatterings, the incoming partons (both gluons and quarks) experience multiple
scatterings via soft gluon exchanges. The initial scatterings lead to additional
transverse momentum broadening which is inherited by produced particles including the
charmonia [26]. The Cronin effect is caused by soft interactions and rigorous calculations
for the effect are not available. However, the effect is often treated as random motion.
Inspired from a random-walk picture, we take a Gaussian smearing [51, 52] for the
modified transverse momentum distribution
f
pp
Ψ (x,p, zA, zB|b) =
1
πagN l
∫
d2p′T e
−p
′2
T
agNlf ppΨ (|pT − p′T |, pz), (11)
where
l(x, zA, zB|b) = 1
ρ
(∫ zA
−∞
ρ(z,xT)dz +
∫ +∞
zB
ρ(z,xT − b)dz
)
(12)
is the path length of the initial gluons in nuclei before fusing into a charmonium at
x, zA and zB are the longitudinal coordinates of the two nucleons where the two
gluons come from, agN is the averaged charmonium squared transverse momentum
gained from the gluon scattering with a unit of length of nucleons, and f ppΨ (p) is the
charmonium momentum distribution in a nuclear medium free p+p collision. The
Cronin parameter agN is usually extracted from corresponding p+A collisions where
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the cold nuclear matter effects are dominant. The transverse momentum distributions
are needed in order to fix the value of agN experimentally. Considering the absence of
p+A collision data at
√
sNN = 2.76 TeV, we take agN = 0.15 (GeV/c)
2/fm as suggested
in Ref. [53, 54, 16]. For collisions at SPS (
√
sNN ∼ 20 GeV) and RHIC (√sNN = 200
GeV) we take the values of agN = 0.075 [29] and 0.1 [55] (GeV/c)
2/fm, respectively.
Assuming that the emitted gluon in the gluon fusion process g + g → Ψ + g is
soft in comparison with the initial gluons and the produced charmonium and can be
neglected in kinematics, corresponding to the picture of color evaporation model at
leading order [56, 57, 58], the longitudinal momentum fractions of the two initial gluons
are calculated from the momentum conservation,
x1,2 =
√
m2Ψ + p
2
T√
sNN
e±y. (13)
The free distribution f ppΨ (p) can be obtained by integrating the elementary partonic
processes,
dσppΨ
dpTdy
=
∫
dygx1x2fg(x1, µF )fg(x2, µF )
dσgg→Ψg
dtˆ
, (14)
where fg(x, µF ) is the gluon distribution in a free proton, yg is the emitted gluon rapidity,
dσgg→Ψg/dtˆ is the charmonium momentum distribution produced from a gluon fusion
process, and µF is the factorization scale of the fusion process.
Now we consider the shadowing effect. The distribution function f i(x, µF ) for
parton i in a nucleus differs from a superposition of the distribution fi(x, µF ) in a
free nucleon. The nuclear shadowing can be described by the modification factor
Ri = f i/(Afi). To account for the spatial dependence of the shadowing in a finite
nucleus, one assumes that the inhomogeneous shadowing is proportional to the parton
path length through the nucleus [59], which amounts to consider the coherent interaction
of the incident parton with all the target partons along its path length. Therefore, we
replace the homogeneous modification factor Ri(x, µF ) by an inhomogeneous one [60]
Ri(x, µF ,x) = 1 + A (Ri(x, µF )− 1)TA(xT )/TAB(0) (15)
with the definition TAB(b) =
∫
d2xTTA(xT )TB(xT −b). We employ in the following the
EKS98 package [61] to evaluate the homogeneous ratio Ri, and the factorization scale
is taken as µF =
√
m2Ψ + p
2
T .
Replacing the free distribution fg in (14) by the modified distribution f g = AfgRg
and then taking into account the Cronin effect (11), we finally get the initial charmonium
distribution for the transport equation (4),
fΨ(x,p, τ0|b) = (2π)
3
ET τ0
∫
dzAdzBρA(xT , zA)ρB(xT , zB)
× Rg(x1, µF ,xT )Rg(x2, µF ,xT − b)f ppΨ (x,p, zA, zB|b). (16)
Now the only thing left is the distribution f ppΨ in a free p+p collision which can be fixed
by experimental data or by some model simulations.
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3. In-medium Heavy Quarks
We now discuss, from the point of view of the experimental results, the heavy
quark production in the initial stage and the interaction between heavy quarks and
the hot medium. The former controls the fraction of the regeneration in the total
quarkonium yield, and the latter characterizes the transverse momentum properties of
the regenerated quarkonia. Both are reflected in the heavy quark distributions fQ and
fQ¯ in the regeneration rate β.
Fig.1 shows the colliding energy dependence of the total charm and bottom
quark production cross sections σQQ¯ per p+p collision and the comparison with model
calculations. For p+A and A+A collisions, the measured cross sections are scaled by
the number of binary collisions Nbin.
 (GeV)s
10 210 310 410
b)µ
 
(
cc
σ
1
10
210
310
410
510 b
)
µ
 
(
b b
σ
1
10
210
310
410
510SPS/FNAL/HERA-B (pA)
PHENIX (pp, AuAu)
STAR (pp, dAu, AuAu)
)pUA1 (p
ALICE  (pp)
ATLAS (pp)
LHCb (pp)
NLO (MNR)
cc
bb
 FONLL
Figure 1. (Color online) The total charm and bottom quark production cross
sections as functions of colliding energy. The data are from the NA16, NA27,
E653, E743, E769, HERA-B, PHENIX, STAR, UA1, ALICE, ATLAS and LHCb
collaborations [62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80].
Some of the data points at 200 GeV and 7 TeV are shifted slightly along the horizontal
axis for clarification. The solid lines show the NLO (MNR) [81] and FONLL [82]
calculations, and the dashed lines depict the corresponding uncertainties.
The number NQQ¯ of produced heavy quark pairs in A+A collisions at a given
centrality can be estimated from the heavy quark cross section together with the
measurement of p+p inelastic cross section σinpp and the Glauber model calculation of
Nbin,
NQQ¯ = σQQ¯Nbin/σ
in
NN . (17)
Both σinNN and Nbin increase with colliding energy, but the nuclear overlap function
TAA = Nbin/σ
in
NN is energy independent. It represents the effective nucleon luminosity
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Table 1. The nuclear overlap function TAA in Au+Au and Pb+Pb collisions at five
centrality bins, based on the numbers from Refs. [83, 84]. The unit is mb−1.
System 0-10% 10-20% 20-40% 40-60% 60-80%
Au+Au 22±1.3 14±0.88 7.1±0.50 2.4±0.27 0.58±0.11
Pb+Pb 23±2.1 14±2.2 6.8±2.3 2.0±0.92 0.42±0.29
Table 2. The number of cc¯ pairs produced in A+A collisions with different centrality
bins at SPS, RHIC and LHC energies. The charm production cross section at 17.2
GeV and 5.5 TeV are extrapolated from the measurements at 21.6 GeV and 7 TeV,
respectively, based on the upper boundary of the NLO (MNR) calculations [81].
System 0-10% 10-20% 20-40% 40-60% 60-80%
17.2 GeV Pb+Pb 0.13±0.03 0.081±0.019 0.039±0.015 0.012±0.006 0.0024±0.0017
200 GeV Au+Au 18±4 11±2 5.7±1.3 2.4±0.5 0.47±0.13
2.76 TeV Pb+Pb 110±65 67±40 33±22 10±7 2.0±1.8
5.5 TeV Pb+Pb 142±35 87±24 42±17 12±6 2.6±1.9
Table 3. The number of bb¯ pairs produced in A+A collisions with different centrality
bins at RHIC and LHC energies. The bottom production cross section at 2.76 TeV
and 5.5 TeV are extrapolated from the measurement at 7 TeV based on the FONLL
calculations [82].
System 0-10% 10-20% 20-40% 40-60% 60-80%
200 GeV Au+Au 0.07±0.04 0.045±0.026 0.023±0.013 0.0077±0.0045 0.0019±0.0011
2.76 TeV Pb+Pb 2.3±0.4 1.5±0.3 0.70±0.26 0.21±0.10 0.044±0.030
5.5 TeV Pb+Pb 4.9±0.9 3.1±0.6 1.5±0.5 0.44±0.21 0.094±0.062
in the A+A collision process. Tab.1 shows TAA in Au+Au and Pb+Pb collisions at
different centrality bins.
The produced numbers of cc¯ and bb¯ pairs in A+A collisions are listed in Tabs.2 and
3 for five centrality bins at SPS, RHIC and LHC energies. It is assumed that there are
no thermal production and annihilation of heavy quarks in the hot medium. For central
collisions, the number of cc¯ pairs is much less than one at SPS, but increases rapidly to
around 20 at RHIC and even becomes more than 100 at LHC. Since the nuclear geometry
for Pb+Pb is almost the same as for Au+Au, see Tab.1, the rapid change in Ncc¯ is
from the energy dependence of the cross section shown in Fig.1. We can schematically
estimate the degree of regeneration at different energies, by considering the relation
between the number N regΨ of regenerated charmonia and the number Ncc¯ of charm
quark pairs for a homogeneous fireball N regΨ ∼ N2cc¯. It is clear that the charmonium
regeneration is negligible at SPS, but starts to play an important role at RHIC and
becomes dominant at LHC. For the number of bb¯ pairs in central collisions, it is much
less than one at RHIC and smaller than the number of cc¯ pairs at SPS, which guarantees
the simplification to neglect bottomonium regeneration at SPS and RHIC. However, the
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production of bb¯ pairs in central collisions at LHC is similar to the production of cc¯ pairs
in semi-central collisions at RHIC, the bottomonium regeneration starts to play a role
at LHC.
The above description on heavy quark production in A+A collisions is simply a
superposition of p+p collisions and all the cold and hot nuclear matter effects have been
neglected. While the nuclear shadowing at SPS and RHIC may not be so important, the
gluon longitudinal momentum fraction x defined in (13) is very small at LHC and located
in the strong shadowing region [22]. The shadowing effect reduces the numbers of charm
and bottom quarks. Estimated from the centrality averaged EKS98 evolution [61], we
take a 20% reduction for the charm and bottom quark production cross sections in our
calculations at LHC energy. Note that a 20% reduction for the heavy quark cross section
leads to a reduction of about [1− (80%)2] = 36% for the yield of regenerated quarkonia.
While the thermal production and annihilation of heavy quarks can be reasonably
neglected, their momentum distribution will be affected by the hot medium. When the
heavy quarks pass through the medium, they lose energy via elastic scattering and gluon
radiation [89], and the initial pQCD distribution is gradually changed and approaches to
the thermal distribution. Fig.2 shows the experimental data on the nuclear modification
factor RAA as a function of transverse momentum pT for mesons π, K and D produced
in central Au+Au collisions at RHIC energy. In the low pT region with pT < 5 GeV/c, D
is dramatically different from the other light mesons. Around pT ∼ 1.5 GeV/c, there is
a peak clearly above unit for D mesons. Since the behavior of D mesons is characterized
by the constituent charm quarks, the strong mass dependence of the nuclear modification
factor comes from the strong interaction between charm quarks and the medium. The
energy loss of charm quarks shifts D mesons from high pT to intermediate pT , and the
collective flow of the medium shifts D mesons from low pT to intermediate pT . These two
effects, especially the collective motion of charm quarks originated from the interaction
with the medium, lead to the peak of RAA for D mesons [90, 91].
Taking together with the observed sizable elliptic flow v2 of none photonic electrons,
measured by both PHENIX citechicdv2 and STAR [85] experiments, one can reasonably
conclude that significant amount of charm quarks are thermalized in nuclear collisions
at RHIC energies. At LHC energy, much stronger effect of energy loss and D-meson v2
have been observed for both open charms and open bottoms [46], one can take thermal
distributions for charm quarks safely and bottom quarks reasonably.
4. Charmonium Transverse Momentum Distribution
For p+A collisions, it is expected that there is almost no possibility to form hot medium
during the evolution of the collisions. Therefore, the parameters for the cold nuclear
matter effects can be experimentally extracted from p+A collisions. Neglecting the
dissociation and regeneration, αΨ = βΨ = 0, the final charmonium distribution in the
phase space is just the initial distribution (16) of the transport equation (4). Integrating
the phase-space distribution over the target nucleus where the cold nuclear matter effects
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Figure 2. (Color online) The differential nuclear modification factorRAA as a function
of transverse momentum for mesons pi, K and D produced in central Au+Au collisions
at
√
sNN = 200 GeV. The data are from Refs. [86, 87, 88]
happen, one obtains the charmonium momentum distribution. Fig.3 shows the pT
integrated RpA as a function of rapidity for J/ψ in p+Pb collisions at LHC energy√
sNN = 5.02 TeV. Since the forward and backward rapidity are located in different
shadowing regions, J/ψs are suppressed in the forward rapidity due to nuclear shadowing
and enhanced in the backward rapidity due to the nuclear anti-shadowing [92]. The
model calculation with the code EKS98 [61] to describe the shadowing effect is in good
agreement with the minimum bias data, when we take impact parameter b = 5.4 fm.
For the most central collisions with b = 0, the shadowing and anti-shadowing effects
become the strongest.
We now turn to the mean squared transverse momentum 〈p2T 〉 of J/ψ. For p+A
collisions, it is controlled by the initial Cronin effect [23, 24] which results in a pT
broadening in the final state. Integrating the smeared Gaussian distribution, see Eq.
(11), one obtains the path length dependence of the 〈p2T 〉
〈p2T 〉 = 〈p2T 〉pp + agNL, (18)
where 〈p2T 〉pp is the mean squared transverse momentum from p+p collisions. The left
panel of Fig. 4 shows the results of 〈p2T 〉 as a function of L for p+p, p+A and A+A
collisions at colliding energies
√
sNN= 17.2, 19.4 and 27.4 GeV. The data for p+A
collisions can well be described by the linear relation, Eq. 18, represented by the solid
lines with the same slop parameter agN = 0.08 (GeV/c)
2/fm. As one can see in the
plot, the values of 〈p2T 〉pp shows a clear energy dependence, namely, the higher the
collision energy the larger the value: 〈p2T 〉pp = 1.2 and 1.6 (GeV/c)2 for
√
sNN = 19.4
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Figure 3. (Color online) The transverse momentum integrated nuclear modification
factor RpA as a function of rapidity for J/ψ in p+Pb collisions at LHC energy√
sNN = 5.02 TeV. The minimum bias data are from [93], and the two lines are
the model calculations with impact parameter b = 0 and 5.4 fm.
and 27.4 GeV, respectively. The linear relation still holds for peripheral and central
In+In collisions (open stars) and even peripheral and semi-central Pb+Pb collisions
(open triangles) at
√
sNN=17.2 GeV, see the dashed line in Fig. 4 left plot. However,
once hot nuclear medium is formed in central heavy ion collisions one would expect the
breakdown of the linear dependence.
Before we discuss the hot medium effects on J/ψ 〈p2T 〉 in heavy ion collisions at
RHIC energy, shown in the right panel of Fig.4, we need to first calculate the J/ψ
transverse momentum distribution itself. Integrating the known charmonium phase-
space distribution fΨ(pT , y,xT , η, τ), see the solution (9) of the transport equation (4),
over the hadronization hypersurface at time τc(xT , η) determined by T (xT , η, τc) = Tc,
one obtains, by using the Cooper-Frye formula [107], the charmonium rapidity and
transverse momentum distribution [29]
d2NΨ
2πpTdpTdy
=
1
(2π)3
∫
d2xTdητcmT cosh(y − η)fΨ(pT , y,xT , η, τc), (19)
where mT =
√
m2 + p2T is the J/ψ transverse mass. Fig.5 shows the J/ψ transverse
momentum distribution in central Au+Au collisions at mid rapidity at RHIC energy
and central Pb+Pb collisions at forward rapidity at LHC energy. The model calculation
agrees well with the RHIC data, and the band at LHC is due to the uncertainty in the
charm quark production cross section [110], 0.4 mb < dσcc¯/dy < 0.5 mb, shown in
Fig.1. At the moment there are no LHC data for the pT distribution. Since most of
the initially produced low pT J/ψs which are sensitive to the medium are dissociated
by thermal gluons, and the J/ψ regeneration happens mainly in the low pT region due
to the assumption of charm quark thermalization, the uncertainty in σcc¯ which controls
the degree of regeneration affects mainly the low pT region. That is the reason why the
Charmonium Transverse Momentum Distribution in High Energy Nuclear Collisions14
L (fm)
0 1 2 3 4 5 6 7 8 9 10
]2
 
[(G
eV
/c)
〉
 2 T
 
p〈
1
2
3
4
5
L (fm)
0 1 2 3 4 5 6 7 8 9 10
NA50,  27.4 GeV (pA)
NA3/NA38, 19.4 GeV (pp, pA, OA, SU)
NA50, 17.2 GeV (PbPb)
NA60, 17.2 GeV (InIn)
PHENIX, 200 GeV (pp, dAu)
PHENIX, 200 GeV (CuCu)
PHENIX, 200 GeV (AuAu)
PHENIX (forward), 200 GeV (pp, dAu)
PHENIX (forward), 200 GeV (CuCu)
PHENIX (forward), 200 GeV (AuAu)
partN
1 2 3 4 5 10 20 100 200
1
2
3
4
5
SPS
RHIC
Figure 4. (Color online) The mean squared transverse momentum 〈p2T 〉 of J/ψ as
a function of the averaged traveling length L of the two gluons before their fusion
into a charmonium (left panel) and as a function of the number Npart of participant
nucleons (right panel) in p+p, p+A and A+A collisions at mid (|y| < 0.35) and forward
(1.2 < |y| < 2.2 for A+A and 1.2 < y < 2.2 for d+Au) rapidity at SPS and RHIC
energy. The data are taken from Refs. [94, 95, 96, 98, 97, 99, 100, 102, 103], and the
three lines on the left panel indicate the linear relation (11). For Cu+Cu and Au+Au
collisions at RHIC, the covered transverse momentum range is pT ≤ 5 GeV/c and the
rest of the results are from all pT range. From the p+p collisions at RHIC, one finds
that the values of J/ψ 〈p2T 〉 from different pT coverage are different no more than one
standard deviation [100, 101].
band is very narrow at high pT and becomes wide at low pT .
The transverse momentum distribution itself can hardly differentiate the hot
mediums, its behavior at RHIC and LHC is similar. To look into the nature of the
medium, we should consider its comparison with the one in p+p collisions. To this
end we calculate the differential nuclear modification factor RAA(pT ) as a function of
pT [111]. The results for central Au+Au collisions at RHIC and Pb+Pb collisions at
LHC are shown and compared with the experimental data in Fig. 6. The increase of
RAA with only initial production, see the dotted line, comes from three aspects. One
is the pT broadening via the Cronin effect [23, 24] happened in the initial stage. The
second reason is the pT dependence of the gluon dissociation cross section [16, 111].
Gluons with small energy are more likely to dissociate a J/ψ, or in other words, J/ψs
with low momentum are easy to be eaten up by the hot medium. The last reason is the
leakage effect with which the high momentum charmonia can escape the suppression in
the fireball. Note that the initial component becomes saturated at high pT due to the
Gaussian smearing treatment (11) of the Cronin effect. If we take instead the averaged
linear relation (18) in the initial distribution (16), the initial component will keep the
increase at high pT [111]. In comparison with the initially produced J/ψs which carry
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Figure 5. (Color online) The J/ψ transverse momentum distribution in central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC. The data are from Refs.[108]
and [109], the line is the model calculation at RHIC, and the band at LHC is due to
the uncertainty in the charm quark cross section 0.4 mb< dσcc¯/dy <0.5 mb.
high momentum from the hard process, the regenerated J/ψs from thermalized charm
quarks that are mainly distributed at low momentum region, see clearly the dashed line
in Fig. 6. In the low pT region, the competition between the initial production which
increases with pT and the regeneration which decreases with pT leads to a flat structure.
While the initial production and regeneration are almost equally important in low pT
region and the latter even exceeds the former at extremely low pT , the J/ψ behavior at
high pT is controlled by the initial component. For collisions at LHC, there are obvious
features arisen from the stronger suppression and regeneration. Comparing with the
collisions at RHIC, the fireball formed at LHC is much hotter, larger in size and lasts
much longer. Therefore, the initially produced J/ψs are all suppressed. At the same
time the regeneration becomes dominant due to the large number of charm quark pairs
shown in Table 2. Since the initial production and regeneration dominate different pT
regions, the stronger suppression leads to a lower RAA at high pT , and the stronger
regeneration results in a higher RAA at low pT in comparison with the case at RHIC.
Note that the uncertainty in the charm quark cross-section at LHC will only affect the
value of RAA in the low pT region.
We now go back to the mean squared transverse momentum 〈p2T 〉 versus the number
of participant nucleons (Npart) in p+p, p+A and A+A collisions at SPS and RHIC
energy. The results are shown in the right panel of Fig. 4. Due to much higher collision
energy, the values of 〈p2T 〉 from RHIC are larger than that from collisions at SPS energies.
As one can see, the strong centrality dependence in d+Au collisions does not show in
either Au+Au or Cu+Cu collisions. In the d+Au collisions at RHIC, if one converts the
number of participant nucleons to the averaged path length “L”, the net increase in 〈p2T 〉
from p+p to most central collisions is the same as in p+A collisions at the SPS energies.
Since the averaged path length is similar in collisions at RHIC and SPS, this means a
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Figure 6. (Color online) The J/ψ nuclear modification factor as a function of
transverse momentum in central Au+Au collisions at RHIC energy
√
sNN=200 GeV
and Pb+Pb collisions at LHC energy
√
sNN = 2.76 TeV. The data are from
Refs.[108, 109] and [112], and the lines and band are model calculations. The dotted,
dashed and solid lines are the initial component, regeneration component and full result
at RHIC, and the band at LHC is due to the uncertainty in the charm quark cross
section 0.4 < dσcc¯/dy <0.5 mb.
similar slope parameter agN . The resulting values of agN are 0.11 ± 0.05 (GeV/c)2/fm
and 0.07±0.02 (GeV/c)/fm2 at mid-rapidity and forward-rapidity, respectively. On the
other hand, in both Au+Au or Cu+Cu collisions at RHIC, there is hardly any centrality
dependence and, on average, the mean values of 〈p2T 〉 are lower than that from most
central d+Au collisions, see Fig. 4, right plot. These results indicate hot and dense
medium formed in such heavy ion collisions. In the most central collisions at SPS, the
Cronin induced increase in 〈p2T 〉 is compensated by the hot medium color screening.
At RHIC, both color screening and regeneration are important. Since regenerated J/ψ
tend to have lower transverse momentum which compensates the increase due to the
Cronin effect.
We often consider the ratio of particle distributions in A+A and p+p collisions
to see clearly the nuclear matter effect. For instance, we calculate the yield nuclear
modification factor RAA instead of the yield itself. Therefore, to extract the hot medium
information from the 〈p2T 〉 in A+A collisions, we introduce the pT nuclear modification
factor [113],
rAA =
〈p2T 〉AA
〈p2T 〉pp
. (20)
We will see clearly that the newly defined observable is really sensitive to the nature of
the medium. Here we are interested in the medium induced changes in J/ψ transverse
momentum distributions. Most of such medium interactions can be modeled as Brown
motion such as the Cronin effect. The second moment is the lowest order to describe
the distribution effectively. That is the reason we choose 〈p2T 〉 to characterize the J/ψ
transverse momentum distributions. Fig. 7 shows the centrality dependence of the mid-
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rapidity rAA (upper plane) and forward-rapidity (lower panel) in A+A collisions at SPS,
RHIC and LHC energies.
Let us first focus on the mid rapidity. The SPS energy is low and only a small
number of charm quarks are produced in the initial stage. Considering the expansion
of the colliding system, the charm quark density at regeneration in the later stage is
very small and the regeneration becomes negligible. In this case, the Cronin effect, the
leakage effect, and the pT dependence of the dissociation process lead to a broadening of
the charmonium transverse momentum distribution. The rAA increases monotonously
from unit in peripheral collisions to above 1.5 in most central collisions.
In comparison with SPS, the A+A collisions at LHC are the other limit where
the regeneration becomes dominant. At LHC, the Cronin effect is still there, but the
initially produced J/ψs with enhanced transverse momentum are mostly dissociated by
the large, hot and long-lived fireball, and only a small fraction can survive in the final
state. The other hot nuclear matter effect, namely the regeneration turns to be the
dominant source of the finally observed J/ψs, due to the large number of charm quarks
at LHC. Since thermalized charm quarks are distributed mostly in the low pT region,
the regenerated J/ψs carry low pT . That is the reason why the rAA at LHC and SPS
behaves in an opposite way: The rAA at LHC decreases monotonously from unit in
peripheral collisions to around 0.5 in most central collisions.
The case at RHIC is in between SPS and LHC. Both the dissociation and
regeneration are stronger than at SPS and weaker than at LHC. In this case, the low
pT region is controlled by the equally important initial production and regeneration, see
Fig.6. The strong competition between the dissociation and regeneration leads to a flat
centrality dependence of rAA. The calculations based on the transport approach agree
well with the SPS and RHIC data at mid rapidity. In conclusion, the newly defined pT
nuclear modification factor rAA for J/ψ is sensitive to the nature of the fireballs formed
in heavy ion collisions. At mid rapidity it is dramatically and qualitatively different at
SPS, RHIC and LHC,
rAA


> 1 SPS
∼ 1 RHIC
< 1 LHC
(21)
Since there are currently no LHC data of 〈p2T 〉 at mid rapidity, we turn to the
calculation at forward rapidity. Taking into account the fact that the hot nuclear
matter effects at forward rapidity are weaker than that at mid rapidity, the LHC rAA
shifts upwards at forward rapidity, and the RHIC one is similar to the SPS one at mid
rapidity. Again the theory calculations are supported by the RHIC and LHC data.
Since 〈p2T 〉 is a normalized quantity, the bands at LHC due to the uncertainty in the
charm quark cross section are not so wide as RAA in Fig.6.
For all the calculations above in A+A collisions, we have used the assumption
of thermalized charm quarks, inspired from the mass dependence of RAA for different
mesons and the sizeable D meson flow. What is the case if charm quarks are not
Charmonium Transverse Momentum Distribution in High Energy Nuclear Collisions18
0 100 200 300 400
0.4
0.6
0.8
1.0
1.2
1.4
1.6
pp
> T2
/<
p
A
A
> T2
<
p NA50 Data |y|<1PHENIX Data |y|<0.35
(a) Mid-Rapidity
LHC
RHIC
SPS
0 100 200 300 400
0.4
0.6
0.8
1.0
1.2
1.4
1.6
 
=
 
A
A
r
partN
PHENIX Data 1.2<|y|<2.2
ALICE Data 2.5<|y|<4.0
(b) Forward-Rapidity
LHC
RHIC
Figure 7. (Color online) The pT nuclear modification factor rAA = 〈p2T 〉AA/〈p2T 〉pp
as a function of the number Npart of participant nucleons for J/ψ in Pb+Pb collisions
at SPS and LHC energy
√
sNN = 17.2 GeV and 2.76 TeV and Au+Au collisions at
RHIC energy
√
sNN = 200 GeV. The data are from Refs.[105, 106, 114], and the lines
and bands are transport model calculations. The upper panel is for mid rapidity, and
the lower panel is for forward rapidity. The bands at LHC are due to the uncertainty
in the charm quark cross section 0.65 < dσcc¯/dy < 0.8 mb at mid-rapidity and 0.4
< dσcc¯/dy <0.5 mb at forward-rapidity.
thermalized? The charm quark motion in medium can be described by a Langevin
equation [115]
dp
dt
= −γ(T )p+ η(T ), (22)
where η is a Gaussian noise variable and γ the drag coefficient determined by the elastic
collision processes and gluon radiation of charm quarks in the medium [116, 89], both are
functions of the medium temperature. We will not study here the details of the solution
of the equation, instead we consider the other limit of the charm quark distribution: the
pQCD distribution without any interaction with the medium. Since there is no energy
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loss, the charm quarks keep their pQCD distribution in the medium, and the regenerated
charmonia will carry high momentum. In this case, the calculated rAA is much higher
than the data [110]. Even at forward rapidity, it is larger than unit at LHC. Since the
thermal distribution can well describe the RAA and rAA, we believe that charm quarks
are thermalized at LHC. The other strong support to the charm quark thermalization is
the observed J/ψ flow at LHC [117, 110]. Without charm quark thermalization, there is
no way to create a sizeable J/ψ flow. Note that the difference induced by the two limits
of the charm quark distribution is not so big at RHIC, because the regeneration is not
yet the dominant source of charmonium production at RHIC. At SPS, the difference
disappears.
5. Conclusions
The charmonium suppression has long been considered as a signal of the quark-gluon
plasma created in relativistic heavy ion collisions. However, there are two kinds of
hot nuclear matter effects on the charmonium production, the dissociation and the
regeneration. The two affect the charmonium yield in an opposite way, and the degree of
the both increases with increasing colliding energy. Therefore, the cancelation between
the two weakens the sensitivity of the charmonium yield to the properties of the hot
medium. The case is, however, dramatically changed when we focus on the charmonium
transverse momentum distribution. The two hot nuclear matter effects work in different
transverse momentum regions. The dissociation suppresses mainly the initial hard
component, and the regeneration enhances the soft component. When the colliding
energy increases, the dominant production source changes from the hard process to the
soft process. The speed of the change is controlled by the degree of the charm quark
thermalization. If charm quarks are thermalized fast, the change becomes significant.
Therefore, a dominant soft component can be taken as a clear signal of the regeneration
at quark level, namely the signal of the quark-gluon plasma at RHIC and LHC energy.
To realize the above idea, we developed a detailed transport approach for charmonia
in high energy nuclear collisions. The hot medium is described by ideal hydrodynamics,
and the charmonium motion in the medium is governed by transport equations, including
the dissociation and regeneration as lose and gain terms and cold nuclear matter effects
as initial condition of the transport. By solving the two groups of coupled equations,
we calculated the global and differential nuclear modification factors RAA(Npart) and
RAA(pT ), the transverse momentum distribution dNJ/ψ/pTdpT , the second moment of
the distribution 〈p2T 〉 and especially the pT ratio rAA = 〈p2T 〉AA/〈p2T 〉pp for J/ψ in A+A
collisions. From the comparison with the data, our main findings are: 1) The newly
defined pT nuclear modification factor rAA is very sensitive to the hot mediums produced
in heavy ion collisions. For instance, at mid rapidity it changes from larger than unit
at SPS to around unit at RHIC and to less than unit at LHC. 2) The charm quarks are
almost thermalized at LHC and RHIC.
Acknowledgement: The work is supported by the NSFC and the MOST under grant
Charmonium Transverse Momentum Distribution in High Energy Nuclear Collisions20
Nos. 11335005, 11221504, 2013CB922000, 2014CB845400, and the DOE under grant
No.DE-AC03-76SF00098.
[1] E.V. Shuryak, Phys. Lett. B78, 150(1978).
[2] F. Karsch, E. Laermann and A. Peikert, Nucl. Phys. B605, 579(2001).
[3] A. Bazavov et al., Phys. Rev. D77, 014511(2008).
[4] I. Arsene et al., [BRAHMS Collaboration], Nucl. Phys. A757, 1(2005).
[5] B. B. Back et al., [PHOBOS Collaboration], Nucl. Phys. A757, 28(2005).
[6] J. Adams et al., [STAR Collaboration], Nucl. Phys. A757, 102(2005).
[7] K. Adcox et al., [PHENIX Collaboration], Nucl. Phys. A757, 184(2005).
[8] M. Gyulassy and L. McLerran, Nucl. Phys. A750, 30(2005).
[9] B. Abelev et al., [ALICE Collaboration], Phys. Rev. Lett. 109, 072301(2012).
[10] S. Chatrchyan et al., [CMS Collaboration], Phys. Rev. C87, 014902(2013).
[11] G. Aad et al., [ATLAS Collaboration], Phys. Lett. B330, 707(2012).
[12] T. Matsui and H. Satz, Phys. Lett. B178, 417(1986).
[13] H. Satz, J. Phys. G32, R25(2006).
[14] L. Kluberg and H. Satz, arXiv:0901.3831[hep-ph].
[15] X. Guo, S. Shi and P. Zhuang, Phys. Lett. B718, 143(2012).
[16] R.L. Thews and M.L. Mangano, Phys. Rev. C73, 014904(2006).
[17] P. Braun-Munzinger and J. Stachel, Phys. Lett. B490, 196(2000).
[18] L. Grandchamp and R. Rapp, Nucl. Phys. A709, 415(2002).
[19] R.V. Gavai et al., Int. J. Mod. Phys. A10, 2999(1995).
[20] M. Gorenstein et al., Phys. Lett. B509, 277(2001).
[21] G. Hamar and P.Levai, PoS EPS-HEP2009, 033(2009).
[22] S.R. Klein and R. Vogt, Phys. Rev. Lett. 91, 142301(2003).
[23] J.W. Cronin et al., Phys. Rev. D11, 3105(1975).
[24] S. Gavin and M. Gyulassy, Phys. Lett. B214, 241(1988).
[25] C. Gerschel and J. Hufner, Phys. Lett. B207, 253(1988).
[26] S. Esumi, U. Heinz, and N. Xu, Phys. Lett. B403, 145(1997).
[27] S. Digal, H. Satz and R. Vogt, Phys. Rev. C85, 034906(2012).
[28] H. van Hecke, H. Sorge and N. Xu, Phys. Rev. Lett. 81, 5764(1998).
[29] X. Zhu, P. Zhuang and N. Xu, Phys. Lett. B607, 107(2005).
[30] J. Sollfrank et al., Phys. Rev. C55, 392(1997).
[31] K. Hagiwara et al., Particle Data Group, Phys. Rev. D66, 010001(2002).
[32] T. Hirano, P. Huovinen and Y. Nara, Phys. Rev. C83, 021902(2011).
[33] K. Gulbrandsen, [ALICE Collaboratoin], J. Phys. Conf. Ser. 446, 012027(2013).
[34] A. Zoccoli et al., [HERA-B Collaboration], Eur. Phys. J. C43, 179(2005).
[35] J. Hufner and P. Zhuang, Phys. Lett. B559, 193(2003).
[36] G. Bhanot and M.E. Peskin, Nucl. Phys. B156, 365(1979); ibid, 391(1979).
[37] F. Arleo et al., Phys. Rev. D65, 014005(2002).
[38] Y.S. Oh, H.C. Kim and S.H. Lee, Phys. Rev. C65, 067901(2002).
[39] X.N. Wang, Phys. Lett. B540, 62(2002).
[40] P.Petreczky, J. Phys. G37, 094009(2010).
[41] L. Yan, P. Zhuang and N. Xu, Phys. Rev. Lett. 97, 232301(2006).
[42] A. Polleri et al., Phys. Rev. C70, 044906(2004).
[43] B.I. Abelev et al., [STAR Collaboration], Phys. Rev. Lett. 98, 192301(2007).
[44] A. Dainese, [ALICE Collaboration], arXiv:1212.0995, Proceedings of ICHEP2012 and Z. Conesa
del Valle, [ALICE Collaboration], arXiv:1210.2163, Proceedings of Hard Probes 2012.
[45] A. Adare et al., [PHENIX Collaboration ], Phys. Rev. Lett. 98, 172301(2007).
[46] Z. Conesa del Valle, [ALICE Collaboration], Nucl. Phys. A904, 178c(2012) and C. Bianchin, et
al., [ALICE Collaboration], arXiv:1111.6886, Proceedings of SQM 2011.
[47] M.L. Miller et al., Ann. Rev. Nucl. Part. Sci. 57, 205(2007).
Charmonium Transverse Momentum Distribution in High Energy Nuclear Collisions21
[48] T. Barnes et al., Phys. Rev. C68, 014903(2003) and references therein.
[49] C.Lourenco, R.Vogt and H.K.Woehri, JHEP 0902, 014(2009).
[50] B.Z.Kopeliovich, I.K.Potashnikova and I.Schmidt, EPJ Web Conf. 70, 00067(2014).
[51] X. Zhao and R. Rapp, Phys. Lett. B664, 253(2008).
[52] Y. Liu et al., Phys. Lett. B697, 32(2011).
[53] X.N. Wang, Phys. Rev. Lett. 81, 2655(1998).
[54] R. Vogt, Int. J. Mod. Phys. E12, 211(2003).
[55] Y. Liu et al., J. Phys. G36, 064057(2009).
[56] H. Fritzsch, Phys. Lett. B67, 217(1977).
[57] J.F. Amundson et al., Phys. Lett. B372, 127(1996).
[58] J.F. Amundson et al., Phys. Lett. B390, 323(1997).
[59] S.R. Klein and R. Vogt, Phys. Rev. Lett. 91, 142301(2003).
[60] R. Vogt, Phys. Rev. C71, 054902(2005).
[61] K.J. Eskola, V.J. Kolhinen and C.A. Salgado, Eur. Phys. J. C9, 61(1999).
[62] C. Lourenco and H.K. Wohri, Phys. Rept. 433, 127(2006).
[63] M. Aguilar-Benitez et al., [NA16 Collaboration], Phys. Lett. B136, 237(1984).
[64] M. Aguilar-Benitez et al., [NA27 Collaboration], Z. Phys. C40, 321(1988).
[65] K. Kodama et al., [E653 Collaboration], Phys. Lett. B263, 573(1991).
[66] R. Ammar et al., [E743 Collaboration], Phys. Rev. Lett. 61, 2185(1988).
[67] G.A. Alves et al., [E769 Collaboration], Phys. Rev. Lett. 77, 2388(1996).
[68] I. Abt et al., [HERA-B Collaboration], Eur. Phys. J. C52, 531(2007).
[69] A. Adare et al., [PHENIX Collaboration], Phys. Rev. C84, 044905(2011).
[70] L. Adamczyk et al., [STAR Collaboration], Phys. Rev. D86, 072013(2012).
[71] J. Adams et al., [STAR Collaboration], Phys. Rev. Lett. 94, 062301(2005).
[72] Y. Zhang, [STAR Collaboration], J. Phys. G: Nucl. Part. Phys. 38, 124142(2011).
[73] B. Abelev et al., [ALICE Collaboration], JHEP 1207, 191(2012).
[74] ATLAS Collaboration 2011 ATLAS-CONF-2011-017.
[75] LHCb Collaboration 2010 LHCb-CONF-2010-013.
[76] A. Adare et al., [PHENIX Collaboration], Phys. Rev. Lett. 103, 082002(2009).
[77] C. Albajar et al., [UA1 Collaboration], Phys. Lett. B256, 121(1991).
[78] B. Abelev et al., [ALICE Collaboration], JHEP 1211, 065(2012).
[79] R. Aaij et al., [LHCb Collaboration], Phys. Lett. B694, 209(2010).
[80] R. Aaij et al., [LHCb Collaboration], Eur. Phys. J. C71, 1645(2011).
[81] M.L. Mangano, P. Nason and G. Ridolfi, Nucl. Phys. B373, 295(1992).
[82] M. Cacciari, M. Greco and P. Nason, JHEP 9805, 007(1998); M. Cacciari et al., JHEP 1210,
137(2012).
[83] B. Abelev et al., [STAR Collaboration], Phys. Rev. C79, 034909(2009).
[84] B. Abelev et al., [ALICE Collaboration, CERN-PH-EP-2012-368, arXiv:1301.4361(2013).
[85] D. Tlusty, [STAR Collaboration], arXiv:1211.5995 .
[86] A. Adare et al., [PHENIX Collaboration], Phys. Rev. C77, 064907(2008).
[87] G. Agakishiev et al., [STAR Collaboration], Phys. Rev. Lett. 108, 72302(2012).
[88] W. Xie, [STAR Collaboration], Nucl. Phys. A904-905, 170c(2013).
[89] S. Cao, G. Qin and S.A. Bass, Phys. Rev. C88, 044907(2013).
[90] P.B. Gossiaux et al., arXiv:1207.5445.
[91] M. He, R. Fries and R. Rapp, Phys. Rev. C86, 014903(2012).
[92] J. Dias de Deus, Phys. Lett. B335, 188(1994).
[93] ALICE Collaboration, arXiv:1308.6726, CERN-PH-EP-2013-163.
[94] J. Badier et al., [NA3 Collaboration], Z. Phys. C20, 101(1983).
[95] C. Baglin et al., [NA38 Collaboration], Phys. Lett. B262, 362(1991).
[96] M.C. Abreu et al., [NA38 Collaboration], Phys. Lett. B423, 207(1998); ibid Phys. Lett. B449,
128(1999).
Charmonium Transverse Momentum Distribution in High Energy Nuclear Collisions22
[97] M.C. Abreu et al., [NA50 Collaboration], Phys. Lett. B499, 85(2001).
[98] L. Ramello [NA50 Collaboration], Nucl. Phys. A774, 59(2006); B. Alessandro et al., [NA50
Collaboration], Nucl. Phys. A721, 249(2003).
[99] E. Scomparin [NA60 Collaboration], J. Phys. G: Nucl. Part. Phys. 34, S463(2007).
[100] A. Adare et al., [PHENIX Collaboration], Phys. Rev. C87, 034904(2013).
[101] A. Adare et al., [PHENIX Collaboration], Phys. Rev. C77, 024912(2008).
[102] A. Adare et al., [PHENIX Collaboration], Phys. Rev. Lett. 101, 122301(2008).
[103] A. Adare et al., [PHENIX Collaboration], Phys. Rev. Lett. 98, 232301(2007).
[104] J. Hufner, Y. Kurihara and H.J. Priner, Phys. Lett. B215, 218(1988); S. Gavin and M. Gyulassy,
Phys. Lett. B214, 241(1988); J.P. Blaizot and J.Y. Ollitrault, Phys. Lett. B217, 392(1988).
[105] N.S. Topilskaya et al., [NA50 Collaboration], Nucl. Phys. A715, 675(2003); B. Alessandro et al.,
[NA50 Collaboration], Eur. Phys. J. C39, 335(2005).
[106] A. Adare et al., [PHENIX Collaboration], Phys. Rev. Lett. 98, 232301(2007).
[107] F. Cooper and G. Frye, Phys. Lett. D10, 186(1974).
[108] L. Adamczyk et al., [STAR Collaboration], Phys. Lett. B722, 55(2013).
[109] L. Adamczyk et al., [STAR Collaboration], arXiv:1310.3563.
[110] K. Zhou, N. Xu and P. Zhuang, in preparation.
[111] Y.P. Liu et al., Phys. Lett. B678, 72(2009).
[112] D. Das et al., [ALICE Collaboration], Proceedings of the DAE Symposium on Nuclear Physics,
Vol. 57 37-44(2012), arXiv:1212.2704v1.
[113] K. Zhou, N. Xu and P. Zhuang, arXiv:1309.7520.
[114] E. Scomparin, [ALICE Collaboration], QM2012 presentation.
[115] B. Svetitsky and A. Uziel, Phys. Rev. D55, 2616(1997).
[116] X.L. Zhu, N. Xu and P. Zhuang, Phys. Rev. Lett. 100, 152301(2008).
[117] H. Yang, [ALICE Collaboration], Nucl. Phys. A904-905, 673c(2010).
